Thermal sulfate reduction (TSR) occurred throughout the Permian Changxing (P 2 c) and Triassic Feixianguan (T 1 f) dolostone reservoirs in the western and eastern parts of the Kaijiang-Liangping (K-L) trough in the northeastern part of the Sichuan Basin. To determine the sulfate sources of this TSR, fourteen solid bitumen samples and eight anhydrite samples were collected from the northeastern part of the Sichuan Basin. These samples were analyzed to determine their sulfur isotopes. In addition, untreated, HNO 3 -treated, and CrCl 2 -treated solid bitumen samples were analyzed to determine their sulfur isotopes in order to obtain reliable δ 34 S data for the TSR solid bitumen. The results show that the HNO 3 method is more effective at removing pyrite from solid bitumen than the method using CrCl 2 thrice because the HNO 3 -treated solid bitumen has lower sulfur contents and higher δ 34 S. The δ 34 S of the T 1 f solid bitumen samples from the Puguang gas field (in the eastern part of the K-L trough, 12.0-24.0‰) is significantly lower than that of the samples from the Yuanba gas field (in the western part of the K-L trough, 24.1-34.2‰). The δ 34 S of the T 1 f 1-2 anhydrite is 18.1-26.6‰, which is lower than that of the T 1 f 3-4 anhydrite samples (29.9-39.6‰). The TSR sulfates from the Puguang gas field were most likely from the coeval T 1 f 1-2 evaporating seawater and were enriched during the reflux-seepage dolomitization process. The TSR sulfates from the Yuanba gas field were primarily caused by the evaporation of seawater during the T 1 f 4 . First, the evaporating seawater would flow vertically into the P 2 c reservoirs in the adjacent area, and then, it would flow laterally into the P 2 c reservoirs in the Yuanba gas field. Considering the fact that the sulfate sources of TSR and the δ 34 S values of the TSR sulfates are different in the Puguang and Yuanba gas fields, the δ 34 S of TSR solid bitumen cannot be simply used to show the extent of TSR.
Introduction
Thermal sulfate reduction (TSR) is the reaction of sulfate with a hydrocarbon (1) [1, 2] . As toxic and corrosive H 2 S can be produced during TSR, the mechanism and products of TSR have been extensively studied [1] [2] [3] [4] . The sulfur in the H 2 S produced by TSR is derived from dissolved sulfate [1, 3, 5] . Different sulfate sources and whether the sulfates are sufficient or not can affect the H 2 S concentration [3, 6] and sulfur isotopic composition of H 2 S. Thus, determining the sulfate source is a key problem to predict the H 2 S concentration and distribution.
Hydrocarbons + SO 4 2− → Altered Hydrocarbons + Solid Bitumen + CO 2 + H 2 S 1 solid bitumen and H 2 S is similar to the sulfur isotope of sulfate [9] [10] [11] . Thus, the sulfur isotopes of the sulfur-rich solid bitumen and the H 2 S can be used to determine the sulfate source. The sulfur isotopes of the sulfur-rich solid bitumen can be obtained relatively easily compared to those of the toxic H 2 S. As a result, we can use the sulfur isotopes of the sulfur-rich solid bitumen to determine the sulfate source.
Pyrite is a byproduct of TSR [1] , and it usually resides within the solid bitumen. Thus, we can obtain accurate sulfur isotopes for the solid bitumen only after the pyrite has been removed from the solid bitumen. There are two main methods that can be used to remove pyrite from solid bitumen. One method is to use CrCl 2 to reduce the pyrite to H 2 S (2) [12] . Cai et al. [13, 14] successfully removed pyrite from kerogen and solid bitumen by this method. The second method is to use dilute HNO 3 to oxidize the pyrite to H 2 SO 4 (3) [15, 16] . The CrCl 2 method is more complicated than the HNO 3 method, but the HNO 3 method is time consuming. However, there is no research on the use of both methods simultaneously to remove pyrite from solid bitumen, nor has an experiment been conducted to compare the two methods and to determine which method is more effective. The relatively high concentration of H 2 S (5-20%) in the Permian Changxing (P 2 c) and Triassic Feixianguan (T 1 f) Formations in the northeastern part of the Sichuan Basin has been concluded to be from TSR [4, 6, [17] [18] [19] , whereas sulfur-rich solid bitumen has been found in other gas reservoirs [6, 14, 20, 21] . The H 2 S concentrations of the gas reservoirs in the eastern part of the Kaijiang-Liangping (K-L) trough (see detailed information in the background section) are higher than those of the gas reservoirs in the western part of the K-L trough [6] . Sulfate from the evaporative platform in T 1 f has been suggested as the sulfate source of the TSR [4, 18] . However, whether the sulfate was derived from the early (the first and second members of the T 1 f) or late T 1 f (the third and fourth members of the T 1 f) is unknown. In addition, there is no such evaporative platform in the P 2 c in the western part of the K-L trough, so the sulfate source of the TSR in this area is also unknown.
The purpose of this paper is to determine which method is more effective at removing pyrite from solid bitumen by comparing the CrCl 2 and HNO 3 methods, to obtain reliable sulfur isotopic data for the solid bitumen, and to analyze the sulfate sources of TSR in the eastern and western parts of the K-L trough in the northeastern part of the Sichuan Basin based on the systematic correlation of the sulfur isotopes of the solid bitumen and anhydrite.
Geologic Setting
The Sichuan Basin is a rhombic basin in southwestern China (Figure 1 ). The general evolutionary history of the Sichuan Basin can be divided into two main stages [22] . Before the Late Indosinian movement, the Sichuan Basin was primarily characterized by subsidence and uplift, and thick marine carbonates and shales were deposited at this stage. Since the Late Indosinian movement, large-scale lateral compression has been occurring, which has resulted in two obvious episodes of uplift, i.e., the Yanshan and Himalayan movements [22] . In addition, terrestrial fluvial-lacustrine deposits were formed.
The Permian strata primarily consist of marine carbonates and shales, and from bottom to top, it can be divided into the Liangshan (P 1 l), Qixia (P 1 q), Maokou (P 1 m), Longtan (P 2 l)/Wujiaping (P 2 w), and Changxing (P 2 c) Formations [22] . The Early Triassic can be divided into the Fexianguan (T 1 f) and Jialingjiang (T 1 j) Formations, and the T 1 f can be furtherly divided into four members (T 1 f 1 , T 1 f 2 , T 1 f 3 , and T 1 f 4 ) from bottom to top. During the P 2 c, the northwest-southeast trending K-L trough developed in the northeastern part of the Sichuan Basin ( Figure 2 ). An open platform and a relatively isolated open platform developed in the western and eastern parts of the K-L trough, respectively [23] . During the early T 1 f, a restricted evaporative platform (characterized by anhydrite layers) developed in the eastern part of the K-L trough, whereas the western part of the K-L trough was still an open platform and contained no anhydrite layers. Until the end of the T 1 f, the evaporative platform remained restricted and widespread anhydrite layers continued to develop in the northeastern part of the Sichuan Basin ( Figure 3 ). The T 1 j and Middle Triassic Leikoupo (T 2 l) Formations developed on restricted evaporative platforms and consist of limestone and widespread anhydrite [22] .
Many gas fields, such as the Puguang, Dukouhe, Tieshanpo, Yuanba, and Longgang, are located in the P 2 c and T 1 f reefs and shoals in the eastern and western parts of the K-L trough [24, 25] . The natural gas in these gas fields was primarily produced by oil-cracking and was primarily derived from the Upper Permian P 2 l/P 2 w source rocks [4, 18, 21] .
Sampling and Analytical Methods
Fourteen solid bitumen-bearing core samples (5 samples from the T 1 f in the Puguang gas field and 9 samples from the P 2 c in the Yuanba gas field) were collected from the northeast part of the Sichuan Basin, and eight anhydrite samples (7 samples from the T 1 f and 1 sample from the T 1 j) were collected for this study. The solid bitumen was primarily present as fill in the pores, while the anhydrite primarily occurred as nodules and layers ( Figure 4) .
The anhydrite nodules and layers were crushed and powdered to less than 100 mesh using an agate mortar and pestle. The solid bitumen-bearing core samples were crushed in a rock crusher to less than 100 mesh, and then, this powder was treated with dichloromethane (DCM) to remove any soluble organic matter and elemental sulfur. The liquid and residue were filtered and flushed with DCM. The residue was dried and treated with hot 6 N HCl to remove carbonate minerals. This solution was heated for 2 hours at 70°C while using a magnetic stirrer. Next, the solid bitumen residue was filtered and rinsed with deionized water, and then, it 2 Geofluids was dried at 70°C. The solid bitumen residue was mainly between 100 and 300 mg, so the pyrite content cannot be evaluated precisely using XRD (X-ray diffraction). However, pyrite grains can be easily found using the SEM (Scanning Electron Microscopy) and EDS (Energy Dispersive Spectrometer) analysis ( Figure 5 ). As a result, it is necessary to remove pyrite to get accurate sulfur isotope of the solid bitumen. So the solid bitumen residue was treated with HNO 3 and CrCl 2 to remove the pyrite, respectively. The HNO 3 method requires the solid bitumen residue to react with 1 N HNO 3 in a glass centrifuge tube at room temperature for two weeks. The centrifuge tubes were sonicated for 30 minutes every day. After reacting with 1 N HNO 3 for two weeks, deionized water was added to the tubes, they were centrifuged again, and the liquid was poured off. This procedure was repeated twice more. Finally, the solid bitumen was dried at 70°C for 12 hours.
The CrCl 2 method used was similar to the method reported by Cai et al. [13, 14] . First, 12 N HCl and deionized water were added to solid CrCl 3 ·6H 2 O to prepare a green CrCl 3 solution. Then, the green CrCl 3 solution was allowed to slowly flow past a flask column filled with granular zinc to convert it to a dark blue CrCl 2 solution, which was stored in a ground glass stoppered bottle to prevent oxidation. Next, 6 N HCl and the CrCl 2 solution were added to the solid bitumen residue in a glass tube, and then, the tube was covered with a plastic cap with a syringe needle, which allowed the generated H 2 S to flow out. The tube was heated at 80°C for 3 hours, then deionized water was added, the tube was centrifuged twice, the liquid was poured off, and the solid bitumen 3 Geofluids residue was reground. Finally, this procedure was repeated twice, and the solid bitumen was dried.
The sulfur isotopes of the anhydrite powder, the untreated solid bitumen residue, and the HNO 3 -treated and CrCl 2 -treated solid bitumen were analyzed at the California Institute of Technology. Samples were combusted in a Costech elemental combustion system at 1000°C, and then, the isotopic ratios were determined using a Delta Plus XL mass spectrometer calibrated using International Atomic Energy Agency (IAEA) standards. The results are reported as δ 34 S relative to the Vienna Canyon Diablo Troilite (VCDT) standard. Average precision of analyses based on replicate analyses of standards was ±0.2‰.
Results

Sulfur Content and Isotope Ratios of the Solid Bitumen
Samples. The sulfur contents and sulfur isotopes (δ 34 S) of the untreated solid bitumen, the HNO 3 -treated solid bitumen, and the CrCl 2 -treated solid bitumen are listed in Table 1 . As the weight of the untreated solid bitumen is small, two samples (SB10 and SB12) were not treated with CrCl 2 .
The sulfur contents of the untreated solid bitumen, the HNO 3 -treated solid bitumen, and the CrCl 2 -treated solid bitumen were different ( Figure 6 ). Except for one sample (SB16), the sulfur contents of the HNO 3 -treated and CrCl 2 -treated solid bitumen samples were lower than those of the untreated solid bitumen samples. In addition, the sulfur contents of the HNO 3 -treated and CrCl 2 -treated solid bitumen samples were similar, but the sulfur contents of three of the HNO 3 -treated solid bitumen samples (SB2, SB5, and SB13) were lower than those of the CrCl 2 -treated solid bitumen samples ( Figure 6 ).
Similarly, the δ 34 S values of the untreated solid bitumen samples, the HNO 3 -treated solid bitumen samples, and the CrCl 2 -treated solid bitumen samples were different ( Figure 7 ). Except for two samples (SB4 and SB11), the δ 34 S values of the untreated solid bitumen samples were lower than those of the HNO 3 -and CrCl 2 -treated solid bitumen samples. In addition, the δ 34 S values of the HNO 3 -and CrCl 2 -treated solid bitumen samples were similar. However, in the case of samples SB2, SB5, SB13, and SB17, the δ 34 S values of the HNO 3 -treated solid bitumen samples were higher than those of the CrCl 2 -treated solid bitumen samples (Figure 7 ), while the sulfur contents of the HNO 3 -treated solid bitumen samples were lower than those of the CrCl 2 -treated solid bitumen samples ( Figure 6 ). The δ 34 S difference between these four HNO 3 -treated solid bitumen samples and corresponding untreated solid bitumen was 3.2‰, 4.4‰, 9.7‰, and 1.8‰, respectively, and the δ 34 S difference ) in the Sichuan Basin (modified from [24] ). 4 Geofluids between these four CrCl 2 -treated solid bitumen samples and corresponding untreated solid bitumen were 1.2‰, 3.6‰, 7.3‰, and 1.6‰, respectively. Overall, there is no obvious difference in the sulfur contents of the solid bitumen samples from the Puguang and Yuan gas fields, and the sulfur contents ranged from 4.0% to 15.0% (Figure 6 ), which are roughly similar to the sulfur content ranges reported for solid bitumen from the Puguang gas field (11.75-11.99%; [4] ) and from the Yuanba gas field (6.64-17.99%; [6] ). However, the δ 34 S of solid bitumen from the Puguang gas field (generally lower than 20.0‰) is significantly lower than that of solid bitumen from the Yuanba gas field (generally higher than 24.0‰). [1, 8] . Pyrite grains were observed in the T 1 f reservoir cores and have been 6 Geofluids suggested to be formed by TSR because their δ 34 S is 18.7-20.16‰ [19] , which differs from that of the pyrite from the source rock layers. Except for one sample (SB16), the sulfur contents of the HNO 3 -treated and CrCl 2 -treated solid bitumen samples are lower than those of the untreated solid bitumen samples (Figure 6 ), which support the conclusion that some of the sulfur was removed by the HNO 3 and CrCl 2 methods. The untreated solid bitumen samples were extracted by DCM so that the organic matter and elemental sulfur were removed from the solid bitumen. As a result, the decrease in the sulfur contents of the HNO 3 -treated and CrCl 2 -treated solid bitumen samples was most likely caused by the removal of some of the pyrite. In addition, the special smell of released H 2 S was smelled when the solid bitumen was treated with CrCl 2 , and small pyrite grains were observed in the untreated solid bitumen powder with SEM ( Figure 5 ). XRD had been used to determine the pyrite content in kerogen and solid bitumen [13, 14] , and an improved method to determine the pyrite content by measuring the dissolved iron at pH < 2 using an atomic absorption spectrometer was developed by Cai et al. [30] . However, XRD and the dissolved iron analysis were not performed in this study because the obtained untreated solid bitumen samples weighed less than 100-300 mg each, so the pyrite content could not be determined. However, it is reasonable that the decrease in the sulfur contents of the HNO 3 -and CrCl 2 -treated solid bitumen samples was caused by removing some of the pyrite.
Sulfur
Approximately 88.9-99.7% of pyrite was removed when the kerogen was treated twice with CrCl 2 [12] . Cai et al. [13, 14, 30] used a similar method and successfully removed the pyrite from kerogen and solid bitumen samples, and sulfur isotopes were analyzed only when pyrite sulfur/total sulfur values were less than 0.08 [30] . However, no studies have been conducted to compare the HNO 3 and CrCl 2 methods. In this study, the sulfur contents and sulfur isotopes of most of the solid bitumen samples treated using the HNO 3 and CrCl 2 methods were quite similar ( Figures 6  and 7) , which demonstrate that pyrite was removed by both methods. However, some of the HNO 3 -treated solid bitumen samples (SB2, SB5, SB13, and SB17) had significantly lower sulfur contents and significantly higher δ 34 S than the CrCl 2 -treated solid bitumen samples (Figure 6 ), which suggests that the HNO 3 method is more effective at removing pyrite from solid bitumen than the method using CrCl 2 thrice. In particular, the δ 34 S of the CrCl 2 -treated sample SB13 (16.8‰) is still less than 20.0‰, but it is 2.4‰ higher than that of untreated sample SB13. 7 Geofluids of the other HNO 3 -treated solid bitumen samples from the Yuanba gas field (greater than 24.0‰) (Figure 7) . Therefore, the δ 34 S of HNO 3 -treated sample SB13 should be closer to that of solid bitumen without pyrite. In addition, the difference in sulfur content (ΔS) and the difference in the sulfur isotopes (Δδ 34 S) of the HNO 3 -and CrCl 2 -treated solid bitumen samples are negatively correlated (R 2 = 0 83; Figure 8 ), indicating that the δ 34 S of the HNO 3 -treated solid bitumen samples increases more with decreasing sulfur content than the δ 34 S of the CrCl 2 -treated samples does. This also supports that the HNO 3 method is more effective at removing pyrite from solid bitumen than the method using CrCl 2 thrice.
As a result, the δ 34 S of the solid bitumen discussed in the next section is the δ 34 S of the HNO 3 -treated solid bitumen samples. Though we cannot be absolutely sure that all of the pyrite was completely removed from the solid bitumen by the HNO 3 method, we believe that the δ 34 S of the HNO 3 -treated solid bitumen samples is quite similar to the true δ 34 S of solid bitumen without pyrite. Thus, the δ 34 S of solid bitumen samples can be used to investigate the origin of the sulfur.
Sulfate Sources of TSR.
The solid bitumens from the T 1 f and P 2 c reservoirs in the northeastern part of the Sichuan Basin are insoluble pyrobitumens, which were formed in the advanced stages of thermal maturity [4, 21] . Insoluble solid bitumen can form due to the thermal chemical alteration (TCA) or thermochemical sulfate reduction (TSR) of migrated petroleum [31] . The S/C ratio of TSR bitumen is SB1  SB2  SB3  SB4  SB5  SB7  SB8  SB10  SB11  SB12  SB13  SB15  SB16 SB1  SB2  SB3  SB4  SB5  SB7  SB8  SB10  SB11  SB12  SB13  SB15  SB16  SB17 CrCl 2 -treated SB HNO 3 -treated SB Untreated SB Figure 7 : Variations in the sulfur isotopes of the untreated, CrCl 2 -treated, and HNO 3 -treated solid bitumen (SB) samples. 8 Geofluids generally greater than 0.03 [31] , while its δ 34 S is close to the δ 34 S of sulfate [11, 32, 33] . The S/C ratio of TCA bitumen is generally less than 0.03 [31] , while its δ 34 S is similar to the δ 34 S of the source kerogen [20] . The S/C ratios of the T 1 f and P 2 c solid bitumen from the Puguang and Yuanba gas fields are greater than 0.03 [4, 6] . In addition, the δ 34 S of this solid bitumen is 12.0-35.0‰ (Figure 9 ), which is significantly higher than that of the kerogen from the Permian source rocks from well HB1 (−26.7‰; [30] ), but it is close to the δ 34 S of the T 1 f anhydrite (18.0-35.0‰; Figure 9 ). The S/C ratios and the δ 34 S values of the solid bitumen both support its TSR origin.
The mechanism by which the sulfur in the sulfate is transferred into the solid bitumen is not yet clearly understood. However, when the TSR proceeds gradually, the saturate/aromatic ratio of the TSR-altered oil decreases, while the sulfur and oxygen contents of the solid bitumen increase [32, 34] , which suggests that the sulfur was transferred from the sulfate into the hydrocarbon. In addition, the TSR-altered oils are rich in sulfur compounds, such as thiophenes, benzothiophens, and dibenzothiophenes [32, 33] . The isotopic fractionation of sulfur that occurs during the TSR process is minimal, so the δ 34 S of the TSR-altered oil and solid bitumen is close to that of the TSR-involved sulfate [9-11, 28, 32, 33]. 9 Geofluids TSR can occur in both gas zone and gas-water transition zone [17] , but the sulfur fractionations were different in these two zones [14] . In the gas-water transition zone, the gas saturation was low so that some dissolved sulfate remains unreacted, and the TSR solid bitumen would be enriched in δ 34 S and H 2 S would be depleted in δ 34 S. In the gas zone, the limited dissolved sulfate would be reduced completely, so that the δ 34 S of TSR solid bitumen would be close to the δ 34 S of sulfate. However, the solid bitumen samples from the Yuanba and Puguang gas fields were both collected from present gas zones, so we considered that the sulfur fractionation during the TSR was insignificant.
As shown in Figure 9 , the δ 34 S of the solid bitumen from the Puguang gas field in the eastern part of the K-L trough is generally less than 24.0‰ (except for one sample with 31.2‰), whereas the δ 34 S of the solid bitumen from the Yuanba gas field in the western part of the K-L trough is generally greater than 24.0‰ (24.1-34.2‰). Thus, assuming minimal isotopic fractionation of sulfur during TSR, it is impossible for the sulfur in the solid bitumen from the Yuanba gas field to have come from the T 1 f 1 and T 1 f 2 sulfates because the δ 34 S of these sulfates is lower than that of the solid bitumen. However, the δ 34 S of the solid bitumen is similar to that of the T 1 f 3 and T 1 f 4 anhydrites. In addition, there is no anhydrite in T 1 f 1 and T 1 f 2 in the Yuanba gas field, and the anhydrite is only present in T 1 f 4 ( Figure 3) . As a result, the sulfate of the TSR was most likely from T 1 f 4 in the Yuanba gas field. The primary source of the sulfate of the TSR in the Puguang gas field was the T 1 f 1 and T 1 f 2 anhydrite layers, which have slightly higher δ 34 S than the solid bitumen, but part of the sulfate was from the T 1 f 3 and T 1 f 4 anhydrite layers because the δ 34 S of some of the solid bitumen is higher than that of the T 1 f 1 and T 1 f 2 anhydrites (Figure 9 ). Based on the correlation between the δ 34 S values of the solid bitumen and anhydrite samples, it can be concluded that the sulfate source of the TSR is different in the western and eastern parts of the K-L trough.
The H 2 S-rich natural gases of the T 1 f and P 2 c are mainly located in the dolostone reservoirs in the northeastern part of the Sichuan Basin, whereas no H 2 S was found in limestone reservoirs [6] . Thus, we suggest that the TSR sulfates (including anhydrites and dissolved sulfates) were enriched during the dolomitization process. Geological observations and numerical simulations have demonstrated that anhydrite can be a byproduct of the dolomitization process [35, 36] , which indicates that sulfates can be enriched during the dolomitization process. According to the calculations by Li et al. [6] , if all of the SO 4 2− in the formation water were converted to H 2 S during TSR, the generated H 2 S concentration would be 8.8-23.3%, which is similar to the range observed in the Puguang (5.09-19.22%, [4] ) and Yuanba (1.20-12.16%, [6] ) gas fields. In addition, the anhydrite produced in the dolomitization process can also supply additional sulfates. TSR calcites have been observed to replace anhydrite in the T 1 f dolostone reservoir in the northeastern part of the Sichuan Basin [19] . Therefore, the sulfates enriched during the dolomitization process can supply sufficient sulfur to produce the observed H 2 S concentration in the northeastern part of the Sichuan Basin.
The sulfates of the TSR in the Puguang gas field in the eastern part of the K-L trough were most probably enriched during the reflux-seepage dolomitization process [37] [38] [39] . The coevally evaporating seawater of the T 1 f flowed laterally into the porous T 1 f oolitic limestone and the P 2 c reef limestone, causing broad dolomitization, during which the TSR sulfates (anhydrites and dissolved sulfates) were enriched. The down migration model of dolomitization fluid from T 1 f and P 2 c had been supported by the evidence that the P 2 c dolostones have 87 Sr/ 86 Sr ratios close to the ratios of T 1 f seawater but heavier than P 2 c seawater [38] . This is similar to the Permian Khuff Formation, offshore Dubai [40] . Finally, the sulfur from the sulfates was transferred into the solid bitumen and the H 2 S. The SO 4 2− concentration of the formation water from the Puguang gas field (H 2 S concentration of 10-20%) is less than 1.0 g/L, which is far lower than that of the formation water from the Jiannan gas field (H 2 S concentration less than 5%), indicating that the dissolved sulfates in the formation water were consumed during the TSR process in the Puguang gas field [6] .
As was previously discussed, the sulfates of the TSR in the Yuanba gas field were most likely from the evaporating seawater in T 1 f 4 . However, the micritic limestone of T 1 f 1 and T 1 f 2 can act as a barrier to prevent evaporating seawater of T 1 f 4 from flowing vertically into the P 2 c reservoirs ( Figure 3) . However, there are porous dolostone reservoirs in T 1 f 1 and T 1 f 2 in the Longgang gas field (Figure 3 ), which is also in the western part of the K-L trough and adjacent to the Yuanba gas field, so we suggest that the evaporating seawater may have initially flowed vertically from T 1 f 4 into T 1 f 1 and T 1 f 2 , then it flowed into the P 2 c reservoir layers in the Longgang gas field, and finally, it flowed laterally into the P 2 c reservoirs in the Yuanba gas field, which caused the dolomitization and enrichment of the sulfates of the TSR.
Cai et al. [30] proposed that the δ 34 S and S/C ratio of the TSR solid bitumen samples can be used to show the TSR extent based on systematic analysis of TSR and non-TSR 10 Geofluids solid bitumen samples in the northeastern part of the Sichuan Basin. However, the δ 34 S values of the P 2 c solid bitumen in the western part of the K-L trough, such as those from the Yuanba and Longgang gas fields, are not included in that paper. As was previously discussed, the δ 34 S of the solid bitumen from the Yuanba gas field is significantly higher than that from the Puguang gas field. However, the S/C of the solid bitumen from the Yuanba gas field (less than 0.06) is less than the S/C of the solid bitumen from the Puguang gas field (greater than 0.06). Also, the H 2 S concentration of the Yuanba gas field (5-10%) is lower than that of the Puguang gas field (10-20%), and the corresponding GSI (gas sourcing index), which was used to reflect the extent of TSR [41] , is lower in the Yuanba gas field (less than 0.1) than in the Puguang gas field (0.1-0.2). Thus, we conclude that the extent of TSR was greater in the Puguang gas field than in the Yuanba gas field. As a result, we suggest that the δ 34 S of TSR solid bitumen can be used as an indicator of the TSR extent only when the sulfate source of the TSR is similar (δ 34 S of sulfate source is similar).
Conclusions
The following conclusions can be drawn based on our study:
(1) Both the HNO 3 method and the CrCl 2 method successfully remove pyrite from solid bitumen, but the HNO 3 method is more effective than the method using CrCl 2 thrice (2) The δ 34 S of the T 1 f solid bitumen from the Puguang gas field (12.0-24.0‰) is lower than the δ 34 S of the P 2 c solid bitumen from the Yuanba gas field (24.1-34.2‰), and the sulfates of the TSR of the Puguang gas field were mainly formed by evaporating seawater in T 1 f 1-2 , whereas the sulfates of the TSR in the Yuanba gas field were mainly formed by evaporating seawater in T 1 f 4 (3) When the δ 34 S of the sulfates of the TSR is similar, the δ 34 S of the TSR solid bitumen can be used to show the extent of TSR
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